Vanadium dichalcogenides have attracted increasing interests for the charge density wave phenomena and possible ferromagnetism. Here, we report on the multiphase behavior and gap opening in monolayer VTe2 grown by molecular beam epitaxy. Scanning tunneling microscopy (STM) and spectroscopy study revealed the (4×4) metallic and gapped (2√3×2√3) charge-density wave (CDW) phases with an energy gap of ~40 meV. Through the in-plane condensation of vanadium atoms, the typical star-of-David clusters and truncated triangle-shaped clusters are formed in the (4×4) and (2√3×2√3) phases respectively, resulting in different surface morphologies and electronic structures as confirmed by density functional theory (DFT) calculations with on-site Coulomb repulsion. The CDW-driven reorganization of the atomic structure weakens the ferromagnetic superexchange coupling and strengthens the antiferromagnetic exchange coupling on the contrary, suppressing the long-range magnetic order in monolayer VTe2.
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and triangles (also see Fig. S2 ). Compared with the (4×4) phase, the (2√3×2√3) phase has much less yield and exhibits different surfaces morphology (Fig.1e ). The lattice constant of the unit cell marked in Fig. 1e is 11.5 Å. Different from the STM images measured at 78 K, only primitive hexagonal lattice of VTe2 appears without any superstructures on the STM images measured at 300 K. Therefore, the possibility that the superstructures are the moiré pattern between the monolayer VTe2 and HOPG can be ruled out. Nevertheless, when the sample was in-situ heated to 140 K, the CDW structures were still observed in the STM experiments. It implies the CDW transition temperature lying in the range from 140 K to 300 K, consistent with the previously reported value 39 .
DFT calculations were carried out to reveal the lattice distortion in the monolayer CDW phases. The reconstructions of V atoms with concomitant displacements of Te atoms emerged after the structural optimizations of the 1T-VTe2 supercells. In the (4× 4) supercell, the lattice is deformed into the unit of 13 V atoms with 12 atoms displaced toward the center V atom in the shape of a star of David ( Fig. 2a ), reminiscent of the (13√3×13√3) superstructure of 1T-TaS2 41 . In the David-star, the neighboring V-V distances are 4-8% shrunk compared to that of the calculated (1 × 1) unit cell.
Consequently, vertical bulge takes place for the topmost Te atoms in the David star, which are 0.16 Å higher than the outside ones according to our calculation. The lattice distortion brings the charge concentration at the center of the David-star, as resolved by the atomic-resolution STM image (Fig. 2b ). The feature that three central Te atoms are at the highest intensity with surrounding three Te atoms at less intensity can be reproduced by the simulated STM images (Fig. 2c ). As for the (2√3×2√3) supercell, truncated triangle-shaped clusters formed by the condensation of 12 V atoms (Fig. 2d ).
The average distance between the neighboring vanadium atoms in the truncated triangle-shaped cluster is calculated to be 3.35 Å, which is 4% shortened compared to that of the calculated (1×1) unit cell. The CDW formation energy ∆E has been calculated, which is defined as Enor-ECDW, the difference of the total energies between the normal phase and the CDW phase. The CDW formation energies were calculated to be 0.75 eV for the (4×4) phase and 0.34 eV for the (2√3×2√3) phase. The relatively smaller formation energy of the (2 √ 3 × 2 √ 3) phase implies that the formation of the (2√3×2√3) superstructures is more difficult than the (4×4) phase, which is consistent with the much less yield of the (2√3×2√3) phase on the samples.
The atomic-resolution STM image of the (2√3×2√3) phase revealed a flower-like feature that one central Te atom and six surrounding atoms are at the highest brightness ( Fig. 2e ), which agrees well with the simulated STM image shown in Fig. 2f .
The local strain has been reported to govern the phase transition from the triangular CDW phase to the stripe phase in NbSe2. 42 The grain coalescence can result in the formation of imperfect lattice along the boundaries ( Fig. S3 ). It is believed that in-plane strain exists at the grain boundaries due to the existence of imperfect lattice 43 . Our highresolution STM image ( Fig. 3a) indicates the coexisting of the (4× 4) hexagonal superstructure and (4 × 1) stripe phase at the vicinity of grain boundary. The characteristic of the stripe structure that one atomic chain is brighter than the other three can be reproduced in our simulated STM image, when a moderate 5% lattice strain is applied ( Fig. 3b ). In addition, (5×1) stripe structure was also observed near domain boundaries, as shown in Fig. 3c and 3d . The spacing between the atomic rows is inhomogeneous which might be inherently associated with the rearrangement of V atoms. The above result implies the crucial role of local strain in the formation of stripe phases.
The local density of states of the monolayer VTe2 was explored by using scanning tunneling spectroscopy (STS). The (4×4) and (2√3×2√3) CDW phases exhibit distinct differences in the dI/dV spectra. As for the (4×4) phase, a non-zero tunneling conductance at the Fermi level was revealed ( Fig. 4b) , indicating a metallic feature. But in the (2√3×2√3) phase, a CDW gap of ~40 meV can be clearly identified ( Fig. 4g ).
On both sides of the gap, two prominent peaks at -0.13 eV and +0.19 eV are resolved Fig. 5a . The ∆E is found to get larger as the strain increases. When the strains are set within the range of −7% to −2%, the ∆E is almost zero. On the other hand, the distance between the nearest-neighboring V atoms dV-V proportionally increases with the increasing strain. While the bond lengths between the V and Te dV-Te increases slowly with increasing strain, as shown in Fig. 5b . Based on the different behaviors of dV-V and dV-Te under strain, the mechanism of the transition between the ferromagnetic and antiferromagnetic states can be explained by the competition between two different exchange interactions 44 . The direct exchange interaction (denoted as JD) cannot be neglected due to the small dV-V, which results in the antiferromagnetic state (shown in Fig. 5c ). Additionally, the two nearest-neighboring V atoms are connected by a Te atom, thus a superexchange interaction (denoted as JS) is also responsible for the magnetic state (shown in Fig. 5d ). Since the V-Te-V bond angle is close to 90° , according to the Goodenough-Kanamori-Anderson (GKA) rules 45, 46 , the V-Te-V superexchange interaction is ferromagnetic and the JS is positive. Thus, the magnetic coupling of VTe2 monolayer is depended on the balance of JD and JS. For the VTe2 monolayer without strain, the JS is dominated, the system is FM state. When the compressive strain is applied, as shown in Fig. 5b, dV-V further decreases, which is much smaller than 90° , the positive JS turns into the negative value, the antiferromagnetic interaction sharply increases, As shown in Fig. 5a .It would be interesting to study the geometric frustration in this case. As for the (4×4) and (2√ 3×2√3) superstructures, the formation of the V clusters results in the V-V distance decreasing to about 3.3 Å. The competition between the direct and superexchange interactions will lead to the disappearance of the ferromagnetic order.
Conclusions
We successfully fabricated the monolayer VTe2 on the HOPG substrate by the phases. In addition, the strain induced by grain boundaries can drive the structural transition from the (4×4) superstructure to the (4×1) and (5×1) stripe configurations.
Our findings provide a microscopic view to understand the relationship between the atomic reconstruction and electronic properties and imply that the periodic lattice distortion plays a vital role in the formation of CDW phases in TMDs. 
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